We demonstrate a method to collect purely absorptive three-dimensional (3D) fifth-order vibrational spectra on the model system CO2 in H2O. The six beam interferometer is described, as well as a method to experimentally determine the phase of the 3D spectrum. The measured spectra agree very well with simulations of the data based on the cumulant expansion. There are five peaks corresponding to different paths up and down the vibrational ladder. The positions, signs, and amplitudes of the peaks agree with theoretical predictions, and the intensities of the peaks scale linearly with concentration. Based on the concentration dependence and agreement between the simulations and measurements, we conclude that cascaded lower order signals contribute negligibly to the observed signal.
FIG. 1: a) Fifth-order, 3D spectroscopy has five strong pump pulses which generate a fifth-order polarization, P (5) which interferes with a local oscillator, LO. b) The four double-sided Feynman diagrams for the phase matching direction k s = k 1 − k 2 + k 3 − k 4 + k 5 for a two-level system. c) The signal from each of these diagrams alone has a phase-twisted lineshape. d) Adding these four diagrams generates an absorptive fifth-order spectrum.
3 must have five independently controllable pump beams and involve all one-quantum coherences.
The 3D-IR experiments of Zanni et al. 15 used three independent pump-fields which required the system to have multiple interactions with the same pump laser-fields. The spectra therefore cannot be transformed into a completely absorptive spectrum.
In this report, we demonstrate experimentally how these ideas from 2D spectroscopy can be extended to fifth-order vibrational spectroscopy -a purely absorptive 3D-IR spectrum of CO 2 dissolved in H 2 O. The CO 2 molecule has a large extinction coefficient (∼ 1000 M −1 cm −121 ) and a narrow linewidth, ∼ 7 cm −1 , which is almost entirely homogeneously broadened 22, 23 , making it an excellent model compound to characterize the spectroscopy. For this system the agreement between the measured spectrum and simulations based on the cumulant expansion 24 truncated at second order is excellent. We demonstrate that summing the four experiments corresponding to the four Feynman diagrams R
1−4 ( Figure 1 ) leads to a purely absorptive spectrum. For a multilevel, anharmonic oscillator like CO 2 , there are five peaks in the 3D-IR spectrum corresponding to different paths up and down the vibrational ladder. The amplitudes and signs of these peaks match analytical estimates based on harmonic scaling of the transition dipole moments. We demonstrate that the method used to determine the absolute phase of a 2D-IR experiment 25 can be extended in a straightforward fashion to measure the phase of a 3D spectrum. Finally, we discuss the possibility of cascaded third-order signals in the 3D spectrum, and conclude that cascaded signals can comprise no more than a few percent of the signal.
II. MATERIALS AND METHODS
Ultrafast 800 nm pulses are generated by a commercial Ti:sapphire oscillator and chirped pulse amplifier (Spectra-Physics), making 1 mJ pulses at a 1 kHz repetition rate. This pumps a homebuilt optical parametric amplifier 26 The dispersion of each beam is balanced with appropriate compensation plates. Each beam can be opened or closed by a computer controlled mask without interrupting the phase-feedback so that the phasing procedure (Section III) can be automated.
We use the balanced detection method proposed by Zanni et al. 28 . In our case, the LO passes through the sample with the other pulses with a small vertical offset (−15 mm) from the phase fifth-order polarization, P (5) . The LO overlays the P (5) on opposite sides of 50% beam-splitter ( Figure 2c) . Half of the fifth-order polarization passes through the beam-splitter, and half reflects reflects off the front face of the beam-splitter. Because this is an external reflection, the field experiences a 180
• phase shift. The LO also crosses the beamsplitter; half passes through, and half undergoes an internal reflection so there is no phase-shift. When the LO and P (5) overlap in the spectrometer, they generate two signals with opposite signs measured on the two lines of the array detector, S 1 and S 2 respectively. The balanced detector is outside of the phase-stabilization loop. Over the time-course of the experiments, however, the phase drift introduced by this one set of optics is less than 5
• based on spectral interferometry of each pair of beams diffracting off a pinhole.
Scattered light from pump beams 1-4 is removed by measuring the light with and without the fifth pump (with a 500 Hz chopper). When the fifth pump is blocked, the two lines of the array 6 detector measure signals S 3 and S 4 . Scattered light from the last pump, as well as pump-probe signal, is independent of the delay between the pumps 1-2 and 3-4, so it is removed by the 2D
Fourier transforms of t 1 and t 3 . The final signal is then
which is effectively an absorption scale which corrects the measured spectrum for the spectrum of the LO, though the other two frequency axes, ω 1 and ω 3 are uncorrected.
The cuvette is made of 2 mm thick CaF 2 windows, separated by a 6 µm mylar spacer. The sample must be so thin because of the residual H 2 O absorption, due to the wing of the water combination mode centered at ∼ 2100 cm stretch (centered at 2344 cm −1 ) to prevent excessive distortion of the input pulses as they propagate through the sample. The cuvette is configured as a flow cell 29 so that the fluid can be replaced, which is necessary because the CO 2 outgasses on a few hour timescale.
The experimental phase matching geometry (Figure 2b ) is adapted from fifth-order Raman measurements, and will be discussed in Section VI. The laser pulses are focussed on the sample by 3 inch diameter, 30
• off-axis parabolic mirrors (Janos) with an effective focal length of 123 mm.
The interferograms as a function of t 1 and t 3 were collected at two resolutions, 10 cm 
III. PHASING OF FIFTH-ORDER SIGNALS
Non-collinear, heterodyne detected third-order spectroscopy is a phase sensitive measurement in which the phase between optical pulses must be known to a fraction of the wavelength. Most 2D spectra collected to-date have corrected the phase of the spectrum to match the projection of the spectrum to a broadband pump-probe experiment in a post-processing step 31 . This phase can be experimentally determined 25, 32 , however, and here we extend the method of Backus et al.
25
to fifth-order spectroscopy. It is especially important to have a direct determination of the pulse phase because the post-processing to correct the phase of a 3D spectrum would be based on like a broadband pump 2D-IR probe experiment, which itself would require phasing.
The concept we use to experimentally determine the phase is based on a transient-grating description of the non-linear spectroscopy. Essentially, each pulse pair, 1-2, 3-4, and 5-LO, generates a spatial interference pattern -a grating -in the focal plane of the sample that the other pump beams can scatter off. The distance between the maxima of the spatial interference pattern is proportional to the inverse of the wavevector difference. For beam pair 1-2, for example, the fringe spacing is
A phase shift in beams 1 or 2 would shift this spatial grating. In 2D spectroscopy, the phase- The phase as a function of frequency allows us to determine the correct timing of the pulses and determine any residual phase. As others have noted 33 , in experiments that use delay stages to shift phases, the pulse phase and the delay are coupled. Moving a time delay of a pulse changes both the phase and shifts the carrier envelope, which creates a linear phase shift as a function of
Here, we resolve this ambiguity by using the linear slope of the phase with respect frequency to temporally overlap the pulse envelopes as best as we can -our active phase locking scheme restricts us to time steps of one period of a HeNe, ∼ 2.11 fs. The residual phase extracted from the interferograms is used to 'rephase' the data. 
IV. ABSORPTIVE FIFTH-ORDER SIGNALS
In a heterodyne detected fifth-order experiment, there are five interactions with the pump laser fields as well as a weak local oscillator (LO) which interferes with the emitted fifth order polarization on the detector (Figure 1a) . By placing the detector in the phase matching direction
1−4 ( Figure 1b ). This pulse sequence has three coherence times t 1 , t 3 , and t 5 and two population times t 2 and t 4 . Because each interaction is from a separate beam, we can control each of these experimental parameters. For a two-level system there are four possible diagrams corresponding to having the density matrix in either the coherence |0 1| or |1 0| during t 1 and t 3 .
The signal from each diagram alone has a phase-twisted lineshape. That it, the real part of the response functions from a two-level system have complicated 3D shapes (Figure 1b) . The real component of the sum of these diagrams, however, has a much simpler overall structure. The peak is much more compact (Figure 1d ), and these spectra are easier to interpret 12 .
The signals from these four diagrams must collected under identical conditions and then be added to produce a purely absorptive 3D-IR spectrum. The basic idea of an absorptive spectrum is that in a pump-probe measurement, the system interacts with the pump field two times -once on the bra and once on the ket, which can come in either order. One necessarily measures the sum of both time orderings, because there is no way to separate the interactions -they occur with the same laser pulse. In an echo experiment, however, these two interactions happen with different laser fields, so one must add signals from the two possible time-orderings in order to recover a spectrum with absorptive features 19 . In the fifth-order case, there are then two time orderings for each of two pump pairs, or a total of four different pulse orderings that must be measured.
V. RESULTS
For a two level system, there would be only one peak in the 3D spectrum. ened; the linewidth is 7 cm −1 . These simulations include the effects of the loss of rotational correlation due to rotational diffusion of the molecules 14, 34, 35 , though the influence on the lineshape is minor. This level of theory reproduces the number, amplitude, sign, and spacing of the experimental peaks.
Visual inspection of Figure 5 shows the qualitative agreement of the measured and simulated spectra. The amplitudes of the peaks do not exactly match the simple estimate based on the harmonic scaling of the dipole moments (Table I) , largely due to the overlap and partial cancellation of the bands. Taking this into account, as well as the smaller effects of the finite frequency resolution, loss of rotational correlation, and the finite bandwidth of the laser, the simulations and experiments agree very well. The largest deviation is the measured amplitude of peak 4 (Table I) , which is the strongest band in the spectrum, and is too small by 20%. One assumption in these simulations is that the dynamics between the different vibrational states are perfectly correlated, however, it is very common to see lineshape differences in 2D-IR spectra. Generally the higher lying vibrational states are broader causing more cancellation and reduced observed intensity compared to the ground state bleach and stimulated emission.
The largest difference between the experiment and the simulation is that in the ω 5 direction, the peaks are not exactly equally spaced. This is most visible in the projection of the 3D spectrum onto Few experiments can measure ∆ (2) , but recent fifth-order experiments 13, 15 showed that azide in an ionic glass deviates from the Morse form, with ∆ (2) = ∆ (1) + 4 cm −1 . Here, for the non-ionic
The intensity of the measured signals is linear with the concentration of CO 2 ( Figure 6 ). These intensities are determined by dilution of a stock solution, whose concentration was estimated to be 0.08 ± 0.02 M −1 cm −1 . Here the large error bar reflects the difficulty in reproducibly estabilishing the concentration. The concentration series, however, is made by diluting the same stock solution, so the error in concentration should be highly correlated and not reflect random scatter.
We measured the intensity from the peak-to-peak height of the time-domain interferogram at two wavelengths (ω 5 = 2320 and 2344 cm −1 )j near t 1 = t 3 = 0 fs.
VI. CASCADING THIRD-ORDER SIGNALS DO NOT CONTRIBUTE TO THE FIFTH-ORDER IR SPECTRUM
Any new higher-order nonlinear spectroscopy has to discuss the possibility of cascading thirdorder signals because they had such an impact on the fifth- 42, 43 . In this section we will show that the contrast mechanisms that were used to suppress cascades in the fifth-order Raman -phase-matching and phase-sensitive detection -do not discriminate fifth-order signal from cascades in the IR. Nevertheless, we will show that the cascading third-order signals are not a problem for the fifth-order IR experiments, in agreement with the earlier conclusion of Zanni et al. 44 because all of the transitions are allowed one quantum transitions, where fifth-order Raman has a forbidden step.
There are some differences between the fifth-order IR and Raman experiments. For instance, we chose the 'baseball diamond' phase matching geometry, which carries most of the benefits of the 'Dutch Cross', because these geometries had been very important for the Raman measurements 42 .
The best phase-matching geometry discovered so far, the so called 'Dutch Cross', suppresses the third-order signal not by sending it in a different direction, which is impossible, but by maximizing the phase-mismatch as the cascading signal propagates through the sample. In the thick film limit, efficiency of signal generation depends on the angle between the pump beams. The 'Dutch Cross' geometry suppresses cascades by maximizing the angles involved in the cascaded signals. In contrast to the Raman experiments, however, the experiments we have reported here are done in the thin film limit. The sample thickness, l, is comparable to the wavelength of light, λ. As such, the sample makes an effectively 2D grating, and the phase-matching (in the signal propagation direction) used in the Raman experiments to suppress cascades does not work here. In the thin film limit, the efficiency of the nonlinear processes is nearly independent of the angle between the incoming beams, so these techniques are not effective at suppressing cascaded signals. In retrospect, we now believe that many other phase matching geometries will be successful in the IR regime.
The phase dependence is another consideration. In the Raman, the cascaded signals are 90
• out of phase with the direct fifth-order signal but in the IR they are 180
• out of phase. In both the Raman and IR, the direct and cascaded signals are proportional to
Every time a polarization is converted to an emitted field it generates a factor of i. The direct signal has one radiation event, the emitted field, and the cascade has two, the emission of the intermediate field and the final emitted signal 45 . In the Raman, R (5) and R (3) are real valued so the signals differ by one factor of i and are 90
• phase shifted. In the IR, however, R (5) and
cas differ by two factors of i and are 180
• phase shifted.
In general, these phase factors are complicated functions of the detuning of the pump fields from any nearby resonances 24 . The IR and Raman, however, can be treated as two extreme cases, namely resonant and off-resonant. In linear spectroscopies, the resonant interactions generate inphase signal fields (absorption or dichroism) which destructively interfere with the probe beam; the dispersive interactions generate in-quadrature signal fields (birefringence) 24, 46 . For on-resonance nonlinear spectroscopies, like pump-probe spectroscopy, the third-order emitted field is in-phase, constructively (bleach and stimulated emission) or destructively interfering (excited state absorption) with the probe field. On the other hand, in transient birefringence measurements (the optical Kerr effect) the signal field is shifted 90
• with respect to the last interaction 47 .
Fifth-order Raman measurements using diffractive optics 42 use phase as a contrast mechanism.
The relative phase of the pulses is determined by the design of the diffractive optic. Our phasing procedure serves a similar role and makes the phase an experimentally determined factor and not a free parameter. We can use the relative sign of the five peaks to see if the signals are cascaded or not, but phase contrast in the IR cannot suppress the cascades relative to the fifth-order signal.
The physical picture behind a cascaded third-order signal is that the first laser pulses generate a third-order polarization which can pump or stimulate another third-order process. At this level of description, a third-order signal must compete as a pump-field with the laser pulses, but, as long as the perturbative limit holds -i.e. only a fraction of the sample is excited, about 0.12 in this work -the third-order signal is much smaller than than the incoming pulses that generate it. In the Raman, the cascades can compete because the cascaded third-order signals involve all allowed (one quantum) transitions. On the other hand, restricting the number of field interactions to five necessarily implies that one of the direct fifth-order Raman interactions is a two-quantum 
VII. CONCLUSIONS
We have demonstrated the experimental basis for collecting purely absorptive 3D-IR spectra.
The spectra from CO 2 /H 2 O agree with simulations based on the cumulant expansion truncated at second order, and the signal intensity is linear with concentration, allowing us to conclude that cascaded third-order signals cannot contribute more than a few percent of the observed signal.
Based on these observations, 3D-IR spectroscopy can be applied to more complex systems. The basic NMR pulse sequences NOESY and COSY are basically equivalent to 2D-IR spectroscopy, but the success of NMR has largely been based on much more complicated pulse sequences. This work represents a step in that direction for IR spectroscopy. is a sequential cascade (but no parallel cascade) which could potentially generate a signal at these frequencies. It will be suppressed by the frequency mismatch between the |2 1| and |1 0| coherences, which are circled. e) There is no cascade which can generate this peak because it requires walking up the vibrational ladder. 17
